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Catalysis  by  Nanostructures:  Methane,  Ethylene  Oxide,  and  Propylene  Oxide  Synthesis  on 

Ag,  Cu  or  Au  nanoclusters,  F49620-0 1-1  -0459 

Final  Performance  Report  (for  the  period  07/01/01  -  08/31/07) 

A  major  effort  of  the  group  was  the  design,  construction,  and  use  of  a  new  instrument  in  which 
we  can  deposit  mass-selected  clusters  on  a  surface  in  ultra-high  vacuum  and  perform  scanning 
tunneling  microscopy  (STM),  Auger  spectroscopy,  X-ray  photoelectron  spectroscopy  (XPS),  and 
thermal  desorption  measurements1'18.  This  instrument  is  still  unique  in  the  world;  there  are  very 
few  groups  that  perform  catalysis  work  with  mass-selected  clusters  and  ours  is  the  only  one  that 
can  image  the  clusters  in  situ,  before  and  after  performing  catalysis  on  them.  This  is  important 
because  the  clusters  may  migrate  on  the  surface  and  merge  to  make  larger  clusters.  STM  allows 
us  to  work  under  conditions  when  such  migration  does  not  take  place  so  that  the  integrity  of  the 
clusters  is  preserved. 

The  instrument  has  been  described  in  the  literature1  ’.  Experiments  determining  the  structure  and 
the  mobility  of  Ag  clusters  and  Au  clusters  on  Ti02(l  10)  have  been  published1'3,14'16.  We  found 
that  Au  atoms  are  very  mobile  and  form  large  clusters  at  room  temperature  if  the  surface  has 
hydroxyls  on  it.  The  mobility  is  lost  if  the  surface  is  cleaned  by  heating  to  about  600  K  to  remove 
the  hydroxyls  and  make  oxygen  vacancies  on  the  surface.  The  Au2  to  AU7  clusters  are  not  mobile 
on  the  time  scale  of  the  experiments.  The  structure  of  the  clusters  has  been  established  by  a 
combination  of  STM  and  theory.  It  was  found  that  the  structure  of  the  adsorbed  clusters  is 
different  from  that  of  the  same  clusters  in  the  gas  phase,  indicating  a  strong  interaction  with  the 
support.  It  is  also  interesting  that  in  gas  phase  the  clusters  are  planar  but  on  the  surface  they  are 
three-dimensional  when  they  have  five  atoms  or  more. 

Density  functional  theory  was  used  to  provide  a  better  understanding  of  these  systems.  Here  are 
a  few  of  the  highlights.  Gold  atoms  are  mobile  and  prefer  to  bind  to  oxygen  vacancies18.  It  has 
been  proposed  repeatedly  in  the  literature  that  Au  clusters  bind  at  the  site  of  oxygen  vacancies 
and  take  electrons  from  them  and  that  this  is  what  makes  them  active  as  oxidation  catalysts.  We 
found  that,  for  Au  clusters  on  TiC>2,  this  is  true  only  for  Aui,  Au3,  Au3  and  Au?  and  for  certain 
Au  strips  on  the  surface5.  We  have  explained  the  charge  exchange  between  the  cluster  and  the 
surface  from  the  properties  of  the  molecular  orbitals.  We  also  discovered8  a  very  striking  effect: 
the  binding  energy  of  an  oxygen  or  Au  atom  to  the  titania  surface  can  be  very  strongly  modified 
by  coadsorption  with  Au,  Au3,  Au5,  Au7  or  hydroxyls.  Moreover  all  these  molecules  affect 
oxygen  or  Au  binding  by  the  same  amount.  We  showed  that  they  all  act  by  donating  electrons  in 
the  conduction  band  and  oxygen  or  gold  uses  these  electrons  to  form  a  strong  bond.  In  other 
papers  we  have  analyzed  thoroughly  the  nature  of  the  bonds  between  a  variety  of  Au  clusters  and 
the  stoichiometric  surface  of  titania6,  a  defective  titania  surface7  and  a  surface  having  hydroxyls 
on  it9. 

Previous  studies  of  oxidation  catalytic  reactions  neglected  the  role  of  spin.  We  have  shown10 
that  spin  conservation  during  a  catalytic  reaction  is  very  important.  Experiments  have  revealed 
that  O2  dissociates  at  the  site  of  an  oxygen  vacancy  on  the  surface  of  TiC>2.  Previous  density 
functional  calculations  found  that  the  activation  energy  for  dissociation  is  very  high,  disagreeing 
with  the  experiments.  We  have  shown  that  if  the  potential  energy  surface  is  calculated  by 
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imposing  spin  conservation,  the  activation  energy  is  consistent  with  the  experiments.  We  expect 
this  paper  to  have  a  substantial  impact  on  the  theory  of  catalytic  oxidation. 

Small  Au  clusters  are  good  catalysts  while  bulk  Au  is  inert.  This  has  been  discussed  extensively 
in  the  literature.  We  performed  calculations  that  show  that  the  activity  is  due  to  what  we  call 
“orbital  roughness”:  the  HOMO  and  the  LUMO  of  small  clusters  protrude  outside  the  cluster  and 
provide  good  binding  sites  for  oxygen,  CO,  propene  and  other  molecules.  We  emphasize  that 
orbital  roughness  is  distinct  from  the  geometric  roughness  by  giving  examples  where  the  least- 
coordinated  atoms  are  not  the  most  active  since  no  frontier  orbital  protrudes  from  them.  We 
showed  that  this  qualitative  idea  works  for  solid  surfaces12  and  for  several  gas  phase  systems1' 
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There  have  been  reports  in  the  literature  that  in  some  catalytic  reaction  the  catalyst  is  not  the 
neutral  Au  but  an  ionic  species.  We  have  performed  calculations  that  show  that  when  a  Au  atom 
replaces  a  Ti  atom  on  the  surface  of  TiC>2,  the  oxide  becomes  active  for  CO  oxidation.  We 
believe  that  such  doped  oxides  are  very  promising  catalysts  and  are  pursuing  this  topic  further. 

Wilson  Ho’s  group  reported  at  an  AFOSR  meeting  some  very  intriguing  results  on  supported, 
linear  Au  clusters  that  seemed  to  violate  the  Pauli  principle.  We  have  shown  that  if  the  results 
are  properly  interpreted,  there  is  no  such  violation  . 

Finally,  we  have  studied  the  surface  structure  of  y-alumina  and  determined  the  likely  position  of 
the  missing  atoms  in  the  spinel  structure17. 

The  behavior  of  Au  and  Ag  clusters  in  gas  phase.  One  of  the  interesting  and  sometimes 
controversial  topics  in  catalysis  is  the  role  of  the  support  on  which  the  metallic  catalyst  resides. 
To  understand  this  we  studied  the  chemistry  of  gas-phase  clusters  to  compare  it  to  that  of 
supported  clusters.  The  experiments,  accompanied  by  theory,  determined  with  high  accuracy  the 
binding  energies  of  various  molecules  to  Ag  clusters  of  various  sizes19'23  and  discovered  many 
interesting  chemical  phenomena  and  regularities  in  the  dependence  of  chemistry  on  the  size  of 
the  clusters  and  the  number  of  ligands.  We  also  documented  an  interesting  phenomenon: 
chemisorption  of  a  molecule  on  a  cluster  can  change  its  shape  dramatically.  This  finding  gives 
an  important  warning  to  theorists  who  determine  the  ground  state  geometry  of  the  cluster  and 
then  assume  that  the  molecule  will  distort  it  slightly  upon  adsorption.  In  some  cases  this 
calculation  leads  to  high-energy  isomers  and  misses  the  real  structure  of  the  system.  Our  group 
has  also  performed  a  large  number  of  calculations  to  determine  the  nature  of  the  bonding  of 
hydrogen,  oxygen,  and  propene.  These  calculations  used  high-level  quantum  chemistry  methods 
for  small  clusters  and  density  functional  theory  for  large  clusters.  We  proposed  simple  rules  for 
finding  the  binding  sites  and  determining  trends  in  binding  energy  for  oxygen  and  propene  on  Au 
and  AuAg  clusters24'32. 

Catalysis  on  supported  metal  clusters.  In  parallel  with  the  work  in  ultra-high  vacuum,  we 
performed  research  on  catalysis  under  high-pressure  conditions  with  metal  clusters  deposited  on 
high-surface-area  supports,  of  the  kind  used  in  industry.  One  preparation  route  involved  using 
micelles  to  make  metal  clusters  surrounded  by  an  organic  layer33'39.  The  micelles  are  deposited 
on  a  support  and  used  as  catalysts.  The  method  of  synthesis  is  such  that  one  can  achieve  good 
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size  control.  This  is  important  since  it  is  becoming  apparent  that  catalytic  activity  depends  on 
the  size  of  the  catalyst  particles. 

Gold  nanoparticles  synthesized  by  micelle  encapsulation  were  dip-coated  on  a  solid  to  produce  a 
quasi-regular  array  of  Au  nanoparticles  (diameter  1.3-4.  nm)  with  tight  control  of  particle  size. 
This  method  can  be  applied  to  deposit  Au  on  any  substrate.  The  material  was  used  to  determine 
the  dependence  of  the  rate  of  CO  electro-oxidation  on  the  size  of  the  Au  particles36,37  and  the 
nature  of  the  support.  In  a  further  study40  we  determined  the  dependence  of  the  kinetics  of 
electrocatalytic  oxygen  reduction  in  basic  electrolyte,  on  the  size  of  Au  nanoparticles  (3  nm  and 
7  nm)  supported  on  carbon.  The  size-selected  nanoparticles  were  prepared  by  reverse  micelle 
encapsulation  in  diblock  copolymers  and  the  kinetic  current  for  oxygen  reduction  was  measured 
with  a  rotating  disk  electrode.  The  kinetic  current  was  found  to  be  3  times  higher  for  the  3-nm 
gold  nanoparticles  compared  to  the  7-nm  gold  nanoparticles  at  23°C.  The  3-nm  particles 
facilitate  four-electron  electro-reduction  whereas  a  two-electron  reduction  was  inferred  from  the 
RDE  data  on  the  7-nm  particles.  From  experiments  of  the  temperature-dependent  current,  the 
apparent  activation  energy  for  the  3-nm  clusters  was  found  to  be  half  that  of  the  7-nm  clusters 
(0. 1  eV  and  0.2  eV,  respectively). 

Gold  clusters  of  varying  diameters  (8-22  nm)  were  prepared  by  reducing  a  Au  salt,  and 
encapsulating  the  Au  nanoparticles  formed  in  a  polymer33.  A  variety  of  high  area  oxides  (Ti02, 
ZnO,  Zr02,  Si02)  were  impregnated  with  the  clusters  and  calcined.  We  studied  how  sintering  of 
the  clusters  and  their  activity  to  CO  oxidation  and  propene  hydrogenation  depended  on  the 
support.  We  found  that  Au  is  most  active  when  supported  on  Ti02.  We  have  also  shown  that  Au 
particles  made  by  synthesis  in  micelles  with  size  control  and  deposited  on  Ti02  are  very  good 
room-temperature  propylene  epoxidation  catalysts34.  In  another  study35  we  discovered  that  Pd 
nanoclusters  form  benzene  from  propylene  and  oxygen  at  70  °C.  This  reaction  does  not  take 
place  on  large  Pd  clusters  or  on  Pd-organometallic  complexes. 

Gold  nanoclusters  were  successfully  deposited  in  the  interior  of  alumina  nanotubes  fabricated  as 
ordered  arrays41  and  coated  with  Ti02.  A  pressure  impregnation  process  was  used  to  inject  the 
titania  and  Au  precursors  into  mesoporous  alumina.  After  thermal  treatment,  Au  nanoclusters 
were  well-dispersed  on  the  interior  walls  of  nanotubular  Ti02.  The  Ti02  nanotubes  were  shown 
by  x-ray  diffraction  to  be  entirely  anatase.  Transmission  electron  microscopy  imaging  confirmed 
that  80%  of  the  Au  particles  were  4.1  nm±2.0  nm  in  diameter.  This  material  exhibited  catalytic 
CO  oxidation  activity  at  low  temperatures,  and  the  approach  is  a  useful  fabrication  platform  for 
miniature  planar  fuel  cells,  gas  sensors,  and  heterogeneous  catalysts.  In  addition,  the  coarsening 
of  Au  in  this  nano-tubular  array  is  reduced.  In  another  attempt  to  reduce  sintering  we  showed 
that  Au  particles  are  stabilized  when  deposited  on  Ti02  whose  surface  was  roughened  by 
sputtering42.  We  have  also  observed  that  Au  clusters  deposited  on  either  silica  or  hydrogen 
terminated  silicon  substrates  will  coarsen  if  exposed  to  UV  radiation.  We  were  unable  to  find  any 
explanation  for  this  phenomenon,  which  is  not  due  to  heating  of  the  substrate  by  radiation. 

To  connect  the  work  performed  in  UHV  to  that  performed  under  realistic  catalytic  reactions,  we 
designed,  fabricated,  and  tested  a  microreactor  in  which  we  can  place  a  single-crystal  surface 
with  metal  clusters  on  it  and  perform  high-pressure  catalysis43.  Because  samples  prepared  in 
ultra-high  vacuum  contain  a  very  small  amount  of  catalyst,  it  is  critical  the  microreactor  had  a 
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very  small  volume  above  the  catalyst  and  a  very  small  “dead  space”  between  the  reaction 
chamber  and  the  mass  spectrometer.  After  an  epic  battle  with  leaks  and  after  trying  many 
different  materials,  we  managed  to  make  a  working  reactor.  We  plan  to  use  it  to  study  the 
catalytic  properties  of  the  mass-selected  clusters  prepared  in  the  UHV  system. 

We  used  micelle  synthesis  to  prepare  Au-Pd  nanoclusters  and  characterize  them  by  high- 
resolution  TEM39.  We  found  that  in  the  presence  of  air,  the  Pd  segregates  at  the  surface  of  the 
cluster,  making  a  Pd  shell  with  a  Au  core.  We  are  now  studying  the  ability  of  these  clusters  to 
selectively  perform  the  hydrogenation  of  acetylene  to  ethylene.  This  is  an  important  reaction 
because  acetylene  must  be  removed  from  the  ethylene  stream  before  fabricating  polyethylene. 

The  gas-phase  oxidation  of  CO  catalyzed  by  iridium44  was  studied  under  CO-rich  reactant 
conditions,  over  a  large  pressure  range,  to  investigate  the  controversial  size  and  pressure 
dependence.  The  reactivity  of  iridium  clusters  with  an  average  size  of  3  nm  was  compared  to 
macroscopic  metal  particles  with  extended  single  crystal  facets  over  a  range  of  temperatures  (433 
-  573  K).  The  apparent  activation  energies  for  CO  oxidation  were  consistent  with  the  known 
activation  energies  for  CO  desorption  from  iridium  surfaces.  No  size-specific  dependence  of  the 
reaction  kinetics  was  measured  and  no  indication  of  the  previously  reported  “pressure  gap”  was 
observed. 

Hydrogen  is  added  to  oxygen  and  propylene  in  the  synthesis  of  propylene  oxide  catalyzed  by  Au 
supported  on  Ti02.  The  reason  for  using  hydrogen  in  an  oxidation  reaction  is  not  clear.  We 
studied45  the  adsorption  and  desorption  of  hydrogen  on  TiC>2  to  try  to  add  to  our  knowledge  of 
this  system.  The  results  were  consistent  with  DFT  calculations. 

Catalytic  properties  of  nanostructured  oxides.  Nanostructured  oxides  are  used  as  supports,  as 
catalysts  and  as  materials  for  sensors.  Recent  research  shows  that  the  chemistry  of  the  oxides 
depends  very  substantially  on  their  size.  Oxides  with  a  very  large  surface-to-volume  ratio 
perform  chemistry  that  does  not  take  place  on  a  more  coarse  material  with  the  same  chemical 
composition.  Our  group  has  managed  to  prepare  very  thin  oxide  nanowires  and  study  their 
properties46'54.  One  of  the  most  significant  findings  is  that  one  can  control  the  activity  of  Sn02  to 
CO  oxidation  by  placing  a  Sn02  nanowire  above  a  gate  and  adding  or  removing  electrons  in  the 
wire.  This  work  was  inspired  by  calculations12  that  showed  that  adding  an  electron  to  a  slab  of 
Au  increases,  substantially,  its  ability  to  adsorb  oxygen  and  weaken  the  0-0  bond.  We  have  also 
showed  that  the  sensing  ability  of  a  Sn02  nanowire  is  substantially  enhanced  when  we  deposit  Pd 
clusters  on  the  wire46.  This  happens  because  Pd  clusters  dissociate  O2,  which  spills  over  on  the 
oxide,  annihilating  the  oxygen  vacancies  at  the  surface  and  lowering  substantially  and  rapidly  the 
conductivity  of  the  wire. 

Three  articles  were  written55'57  on  the  fabrication  of  Au  nanostructures  on  which  surface- 
enhanced  Raman  signals  are  so  strong  that  one  can  detect  Raman  spectra  from  a  single  molecule. 
Two  others58,59  present  a  novel  synthesis  of  highly  ordered  composite  mesostructured  nanowires 
with  various  degrees  of  physical  confinement.  These  can  be  used  in  catalysis  or  in  fabrication  of 
sensors.  Finally  we  edited  a  special  issue  of  the  Journal  of  Chemical  Physics  for  which  we  wrote 
an  introduction60. 
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Thirteen  students  partially  or  wholly  supported  by  this  project  have  received  Ph.D.  degrees61'73: 
Erin  S.  Baker,  2005;  Lauren  Aubin  Benz,  2007;  Daniel  Gargas,  2007;  Thomas  F.  Jaramillo, 

2004;  Manuel  J.  Manard,  2006;  Ryan  M.  Olson,  2007;  Erin  L.  Orazem,  2007;  Jason  P.  Schmidt, 
2003;  Donald  J.  Sirbuly,  2003;  Mikhail  Sushchikh,  2006;  Burcin  Temel,  2006;  Sergey  A. 
Varganov,  2005;  Qiang  Zhang,  2003.  Three  other  graduate  students  are  currently  enrolled: 
Andrew  Morrill,  Bosiljka  Njegic,  and  Wei  Tang. 

Other  personnel  involved  in  the  research.  Postdoctoral  research  associates  and  other 
professional  researchers:  Seong-Hyon  Baeck;  Stanley  E.  Anderson;  Xihong  Chen;  Ju  Chou; 
Steeve  Chretien;  Nathan  R.  Franklin;  Brian  C.  Gergen;  Jennifer  A.  Gidden;  Paul  Kemper,  Andrei 
A.  Kolmakov;  Soon  Jeun  Lee;  Yigal  Lilach;  Greg  Mills;  Raj  G.  S.  Pala;  Ioana  Pavel;  Beatriz 
Roldan  Cuenya;  Vladimir  Shapovalov;  Michael  Sushchikh;  Xiao  Tong;  Shika  Varma;  Amrendra 
Vijay;  Bing  Wang;  Yong  Yang;  Youziang  Zhang.  Undergraduates:  Lucas  Cameron,  Catherine 
Carpenter,  Joshua  Colby,  Anna  Ivanovskaya,  Matthew  A.  Perlowski.  Technician:  John  Bushnell. 
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